Abstract. The prediction of epileptic seizures is a very attractive issue for all patients suffering from epilepsy in EEG (electroencephalograph) signals. It can assist to develop an intervention system to control / prevent upcoming seizures and change the current treatment method of epilepsy. This paper describes a new method based on wavelet transform and fuzzy similarity measurement to predict the seizures by using EEG signals. One part of the method is to calculate the energy and entropy of EEG data at the different scale; another part of this method is to calculate the similarity between the features set of the reference segment and the test segment using fuzzy measure. The test results of real rats show this method detect temporal dynamic changes prior to a seizure in real time.
Introduction
There are millions of people with epilepsy throughout world according to an estimate of the World Health Organization [1] . Unfortunately, at least 20% of all epileptic patients still keep seizure -free due to the inefficacy of pharmacological treatment. Therefore, many researchers attempted to develop a new method to prevent the epileptic seizures, such as chronic vagal nerve stimulation (VNS) [2] and brief burst of pulse stimulation [3, 4] . An alternative method is to design an intervention system to inject a drug, or have a drug released once the seizure is coming [5] . The application of these methods basically dependents on the prediction of the seizures, in particular for the intervention system of a drug. Furthermore, the prediction of seizures enables patients to take as little medicine as possible, who only take it under necessary conditions rather than constantly. A warning system of the seizure prediction also may enable patients take a drug in advance to prevent from the upcoming seizures or leave some of places where is dangerous for him/her as soon as possible such as a swimming pool, a business street. The role of seizure prediction is summarized in Fig. 1 So far, a number of characterizing measures derived from nonlinear signal processing are capable of extracting information from EEG signals to predict the seizures [6] [7] . Often, this non-linear method encounters two parameters (delay time and embedding dimension) determination and computation cost problems [8] [9] [10] ; so they are not always applied to real EEG data, especially when the noise contribution is significant. An intelligent system has been proposed to predict the seizures [11] , which is based on a finding that wavelet -derived energy increase before electrical and clinical seizure onset. Although intelligent techniques can learn to distinguish the pre-seizure state from the normal states, unfortunately the results from the learning methods cannot be explained in more details. From an application point of view, developing a simple and reliable prediction method is still necessary.
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Warning system Drug Manage Patient Fig.1 . Block diagram of application of seizure prediction. The application of these systems is based on the seizure prediction. For a neuro-stimulator, the seizure prediction may reduce the strength of stimulation. For other three functions, they need as long prediction time as possible. This paper proposes a new method by combining wavelet transform and fuzzy similarity measurement to predict the epileptic seizures in EEG. The first step of this method is to obtain the features from wavelet space of an EEG data, including energy and entropy of wavelet coefficients in different frequency bands. Second step is to calculate fuzzy similarity index of feature sets between the reference segment and the test segment, which integrates the energy and entropy of field potentials in different frequency bands. Finally, long-term EEG recordings of real rats are applied to test this novel prediction method. The results indicate the prediction of the epileptic seizures based on the wavelet -fuzzy similarity index could be applied in an intervention system.
Method
Often, there are five broad spectral bands of EEG signal from the clinical interest: delta (0.5-4 Hz), theta (4-8 Hz), alpha (8) (9) (10) (11) (12) , beta , and gamma waves (30-above Hz). Above five frequency bands can be extracted by using a discrete wavelet transform. The discrete wavelet decomposition of an EEG signal x(t) is written as follows:
where d j (k) are called wavelet coefficients at the level j, which can be calculated by a fast recursive scheme [12] . In this study, we only consider the energy and entropy of wavelet coefficients at each level (j=1,…,5) to describe the brain state: (1) Energy features: the energy at each resolutions level j=1,…,5 based on the wavelet coefficients for an segments with a sliding window (K is the length of wavelet coefficients at each resolution level j) with index i is written as:
(2) Entropy features: the entropy at each resolutions level j=1,…,5 based on the wavelet coefficients for an segments with a sliding window (K is the length of wavelet coefficients at each resolution level j) with index i is given by
where p k,j is the probability density of wavelet coefficients at each resolution level j=1,…,5, which can be obtained by using a histogram method. Based on our experiences in [8] , a biorthogonal wavelet is chosen in this study. Then, a standard Gaussian membership function is used to describe five energy features (BE j ) and five entropy features (H j ) calculated (j=1, 2, …,5), as shown in Fig.  2 . The symmetric Gaussian function depends on two parameter σ and c as given by
The parameters σ and c are determined by mean and deviation of each feature BE j or H j . Six membership functions is applied to describe the fuzzy character of each feature. Applying the fuzziness process for each feature, a fuzzy sets A can be obtained from the energy and entropy feature sets. Suppose two fuzzy sets A (present state) and B (reference/normal state), and each set contains N features x 1 , x 2 , . . ., x N , a simple and reliable method proposed by [13, 14] can be used to calculate the similarity between the two fuzzy sets, A and B, the formula is
is regarded as the similarity degree of fuzzy set A and B on the features, x i . The S(A,B) is the average of the similarity degree of fuzzy set A and B, called fuzzy similarity index. The range of S (A,B) is from 0 to 1, which corresponds with the different similarity degree. S (A,B) =1 means the two fuzzy sets is identical, otherwise there exist a difference between the two fuzzy sets.
Main purpose of this study is to design an automated algorithm to predict the seizures by means of the fuzzy similarity index S. In order to obtain a baseline for the preictal state, firstly the mean value M and standard deviation SD of S t (t=1,2…,M) are calculated, which are the fuzzy similarity indexes of all interictal recordings of a subject. A local drop can be characterized by two independent parameters: its depth and duration, for any given baselines. The depth of a drop can be estimated in units of the standard deviation of the baseline epoch, whereas its duration can be quantified by the time during which the mean value of a profile drops below a certain threshold. In this study, a backward moving-average filter of width w is employed to smooth the time profiles of S t and declared a preictal state if the smoothed profiles S t w dropped below the interictal mean M by more than k standard deviations SD:
where PS=1 stands for a preictal state. Two parameters k and w govern the mean depth of a drop over a certain time. In order to determine suitable values for the two parameters, the sensitivity and specificity rate of preictal state detection should be considered. The depth parameter k varied from 0 to 6 interictal standard deviations while the duration parameter w varied from 0 to 10 min in this study. All of procedure of the method is summarized in Fig. 3 . The procedure contains a discrete wavelet transform, feature extraction, fuzziness, reference state setting, threshold settings, fuzzy similarity index calculation and indication of the preictal state.
EEG Recordings
In this paper, an epilepsy model with bicuculline is applied. 14 Sprague-/Dawley rats are tested. Prior to surgery, the rats are anesthetized with an i.p. injection of Nembutal (sodium pentobarbital, 65 mg/kg body weight). One electrode is placed on the skull with dental acrylic. During the experiments, every precaution is taken to minimize suffering to the animals. Rat is initially anesthetized with pentobarbital (60 mg/kg, i.p.) while body temperature is maintained (36.5-37.5°C) with a piece of blanket. The degree of anesthesia is assessed by continuously monitoring the EEG, and additional doses of anesthetic are administered at the slightest change toward an awake pattern (i.e., an increase in the frequency and reduction in the amplitude of the EEG waves). Then, bicuculline i.p. injection is used to induce the rat epileptic seizures. EEG sig-nals are recorded using an amplifier with band-pass filter setting 0.5-100 Hz. Seizure onset times are determined by visual identification of a clear EEG seizure discharge. The detail of the recording of EEG data and the determination of epileptic onset time can be found in [9] [10] The method is composed of two parts. (Left) one is to build the reference states from the interictal, which is so far from ictal. Another is to calculate the features of current state and the fuzzy similarity index with a reference state, then to identify the current state whether or not is a preictal state by using the detection method.
Results
The EEG recording of rats are analyzed using a moving -window technique, which are divided into segments of 1000 sampling points each, corresponding to a window length of 5 s at the given sampling rate (200 Hz), and the window overlapped by 50% so the distance in time between the starting points of two consecutive windows is 2.5 s. Prior to the calculation of the fuzzy similarity, two steps of data processing are carried out for each data window: (1) discrete wavelet decomposition; and (2) calculation of energy and entropy of wavelet coefficients. The prediction method is carried out for all 14 animal tests. We only show one typical example in this paper. Fig. 4 shows the application result of the proposed method to long-term EEG recordings covering 20 minutes. At 6:41(minute:second), the bicuculline is injected to induce the epileptic seizures. The beginning of epileptic seizure occurs at 12:27(minute:second). The first three minutes EEG recordings are treated as a reference state. Hopefully the reference segment should include the most of salient features of the interictal EEG signal. Then, the fuzzy similarity index with the reference state is obtained by moving window over the entire EEG recordings, as shown in Fig.  4 (bottom) after smoothed. The three vertical lines are the injection time, the preictal start time and the seizure start time from left to right, the horizontal long line is threshold, where the k and d are selected as 3.5 and 2 according to the testing of some EEG signals. The plot reveals that the fuzzy similarity index gradually decreases during the preictal period. The preictal state is detected when the fuzzy similarity index is less than the threshold. In this test, the beginning point of preictal state is at 10:15(minute:second), therefore the preictal duration is 102 seconds. The quantification of 20 min recordings can be carried out in less than 30 s using Matlab on a P6 2 G personal computer. Fig. 5 summarizes the seizure anticipation time of 14 animals. The results confirm that the method proposed can predict the seizures in most of the animals (13/14) several minutes (seconds) in advance (mean 109.6 s). It is seen that the various anticipation times for the 14 animals are highly variable in the duration. These results suggest that seizure emergence is a complex, non-repetitive process even for similar animals. 
Conclusions
A prediction method of epileptic seizure should meet following requirements [5] : (a) the method is able to run real-time robustly and on-line in a clinical setting with noised EEG; (b) it possesses very good sensitivity and specificity in long-term continuous recordings across animals or patients; (c) it can provide a long-term warning before each seizure and an accurate prediction of the occurrence time of the impending seizure at the time of the warning. The advantages of the method in this paper are summarized. (i) Features extractions with wavelet transform. Wavelet transform are very meaningful because the hidden information of EEG can be revealed; the noise effort can also be reduced because some data under some scales is omitted. (ii) Significant advantage of this method is able to check directly the fuzzy similarity index between two windows, rather than differences between quantities evaluated separately. Thus, the threshold for the detection of preictal is not very hard to determine by the fuzzy similarity index of each objective, this method is not influenced by the biological variability. (iii) The computational cost of the new method relatively low and can be used in real time for clinical application. (iv) The method does not finally require specific prior knowledge for each objective. Therefore, this novel method could be applied a practical intervention system.
